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ABSTRACT: Nanostructured polymer interfaces can play a key role in
addressing urgent challenges in water purification and advanced separations.
Conventional technologies for mercury remediation often necessitate large
energetic inputs, produce significant secondary waste, or when electrochemical,
lead to strong irreversibility. Here, we propose the reversible, electrochemical
capture and release of mercury, by modulating interfacial mercury deposition
through a sulfur-containing, semiconducting redox polymer. Electrodeposition/
stripping of mercury was carried out with a nanostructured poly(3-
hexylthiophene-2,5-diyl)-carbon nanotube composite electrode, coated on
titanium (P3HT-CNT/Ti). During electrochemical release, mercury was
reversibly stripped in a non-acid electrolyte with 12-fold higher release kinetics
compared to nonfunctionalized electrodes. In situ optical microscopy confirmed the rapid, reversible nature of the electrodeposition/
stripping process with P3HT-CNT/Ti, indicating the key role of redox processes in mediating the mercury phase transition. The
polymer-functionalized system exhibited high mercury removal efficiencies (>97%) in real wastewater matrices while bringing the
final mercury concentrations down to <2 μg L−1. Moreover, an energy consumption analysis highlighted a 3-fold increase in
efficiency with P3HT-CNT/Ti compared to titanium. Our study demonstrates the effectiveness of semiconducting redox polymers
for reversible mercury deposition and points to future applications in mediating electrochemical stripping for various environmental
applications.

KEYWORDS: semiconducting polymers, mercury remediation, electrochemical separations, electrodeposition, P3HT,
functionalized interfaces, molecular selectivity

■ INTRODUCTION

Mercury (Hg) is a widespread aqueous pollutant with
pernicious effects, targeting primarily the nervous system,
kidneys, and developing fetuses.1 Mercury can occur in
elemental (Hg(0)), inorganic (e.g., mercuric (Hg(II)) and
mercurous (Hg(I)) salts) and organic forms (e.g., methyl-
mercury).2 In both marine and terrestrial environments, Hg is
commonly found as Hg(II) complexes, often associated with
inorganic or organic ligands.3 In addition, atmospheric Hg
enters watersheds and lake surfaces chiefly as divalent
mercury.2 Point source pollution of mercury can originate
from various industrial sources such as a chlor-alkali process,
poly(vinyl chloride) production, and pharmaceutical manu-
facturing, with waste streams featuring a broad Hg
concentration range (10 μg L−1 to 10 mg L−1).4 Due to the
adverse impacts of Hg, the U.S. Environmental Protection
Agency (EPA) has set the maximum contaminant level of Hg
in potable water to 2 μg L−1, while the World Health
Organization (WHO) established a maximum allowable level
of 6 μg L−1.5,6

Adsorbent materials play a critical role in water purification
technologies,7−9 including specific materials developed for the

remediation of Hg from water.10−17 However, traditional
adsorption processes often require large quantities of chemical
regenerants and additional post-treatment methods for reuse.18

Furthermore, few of these materials are efficient in addressing
the broad concentration ranges of mercury and the presence of
competing species.18 Finally, many mercury-selective adsorb-
ents require the use of expensive raw materials or necessitate
sophisticated preparation procedures.19

Electrochemically assisted processes can be a promising
approach for mercury remediation, providing modularity and
scalability, by controlling the capture and release of target ions
through applied potential.20−25 Tailoring the electrode surface
with functional materials offers high selectivity and regener-
ability.21−23,26−30 Polymeric systems can be attractive plat-
forms for the electrochemically mediated capture and release
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of Hg, such as the use of polyaniline (PANI) for Hg(II)
removal from water.31 Electrochemical remediation of Hg(II)
ions was also achieved via cathodic alloy formation using
platinum electrodes, but the regeneration process required the
use of strong acid (1 M HNO3).

32 However, in general,
electrochemically mediated Hg remediation has received
limited attention in comparison with other heavy-metal
contaminants,21 and few studies exploring methods beyond
electrosorption-based approaches.
Here, we investigate mercury remediation mediated by

electrodeposition and stripping at an electroactive polymer
interface. A semiconducting polymer, poly(3-hexylthiophene-
2,5-diyl) (P3HT), was used as a functional interface to
promote reversible electrodeposition and stripping (Figure 1).

While there have been extensive studies with pendant-group
redox polymers for ion capture,25−29 these main-chain
semiconducting polymers have received limited attention in
electrochemical separations, despite their interesting electro-
active properties. P3HT has important applications in the field
of organic photovoltaic devices and lithium-ion batteries as
well as in oxidative photocatalysis.33−37 P3HT can be
oxidatively doped via potential control, introducing polarons
and bipolarons (referred as P3HT+).38 Oxidizing P3HT
increases the hole density and modifies the energetic
distribution of charge carriers across the polymer, thus
increasing P3HT conductivity and even promoting catalytic
activity for oxidation reactions.34,39,40

By taking advantage of excellent processability and
synergistic electrocatalytic properties of P3HT,41 we developed
an electrochemically mediated Hg removal technique with
desirable features of rapid and reversible capture/release
kinetics as well as cyclability of the electrodes. Our study
performs a comprehensive analysis of the selectivity toward
mercury, in the presence of competing species and real water
matrices. In addition, we tracked in real-time the electro-
deposition and stripping of Hg through in situ optical
microscopy (in situ OM), showcasing the fast kinetics of a
cycle of deposition/stripping enabled via the use of polymer-
functionalized interfaces. Finally, an energy analysis for P3HT-
mediated Hg removal was carried out, revealing significant
improvement in energy efficiency compared to nonfunction-
alized (bare metal) surfaces. Our findings demonstrate that
semiconducting redox polymers enable reversible, rapid, and
energy-efficient mercury remediation without the need for any

external chemical regenerants. More broadly, our work
provides important insights into the role of semiconducting
electroactive interfaces for mediating electrodeposition and
stripping.

■ RESULTS AND DISCUSSION
Hg Removal via Electrodeposition. We selected

titanium (Ti) as a support, as it is more abundant and
accessible than other noble-metal substrates, such as
platinum,32 and screening results showed significant Hg
removal performance by rapid electrodeposition (Figure S1).
P3HT-CNT/Ti electrodes were prepared by dip-coating in a
suspension of P3HT and multiwalled carbon nanotubes using a
titanium mesh as a substrate based on previous methodology
for preparing metallopolymer electrodes.42 The porosity of the
interface was greatly enhanced by carbon nanotubes (CNT):
when comparing BET surface area values of P3HT and P3HT-
CNT, adding CNT determined a 7-fold increase of the
electrode surface area, reaching 85.68 m2 g−1 (Table S1).
Furthermore, P3HT is highly soluble in many organic
solvents43,44 and has previously shown strong mixing with
CNT owing to strong π−π conjugated interactions,45 resulting
in a nanoporous structure with high ion accessibility and
conductivity.
The standard reduction potential of mercury occurs within

the electrochemical stability window of water (Hg2
2+

(aq) + 2e−

= 2Hg(liq), E
0 = +0.599 V versus Ag/AgCl and Hg2+(aq) + 2e− =

Hg(liq), E0 = +0.657 V versus Ag/AgCl),46 enabling the
electrodeposition of Hg(II) from contaminated aqueous
solutions into metallic Hg on the surface of the electrode
(Figure 1). First, we investigated the effect of the applied
potential on the mercury removal efficiency with a 20 mM
KNO3 background electrolyte and observed a correlation
between applied potential and the removal of mercury (Figure
2a). On P3HT-CNT/Ti electrodes at +0.25 V versus Ag/AgCl,
<20% removal efficiency was obtained with initial Hg(II)
concentrations of 1 and 10 mg L−1, but >60% removal was
observed with 200 mg L−1 Hg(II). Potentials lower than 0 V
resulted in >75% removal efficiency in the case of 1 mg L−1

Hg(II) and >95% for 200 mg L−1 Hg(II) after 1 h. We
attribute the main mechanism of mercury removal to
electroplating, considering the high-reduction potential range
of Hg. Upon prolonged charging of P3HT-CNT/Ti at −1.0 V
(Figure 2b), the amount of electrodeposited mercury increased
steadily with time. Figure 2b shows fast electroplating kinetics,
reaching >800 μg cm−2 after 180 min at −1 V. When
comparing the kinetics of our deposition on P3HT-CNT/Ti
with the previously reported Hg removal via alloy formation
under similar operation conditions,32 our system requires 1 h
for the electrodeposition of 19.5 μg cm−2 at 0 V as compared
to ca. 4 h for alloy formation (see the Supporting Information
for calculation details).
On the other hand, there was no discernible decrease in the

concentration of Hg(II) when P3HT-CNT/Ti was left in
contact with Hg(II) solution for 1−3 h without electro-
chemical potential (i.e., at an open circuit, o.c.), again
confirming that the removal was primarily electrochemically
driven (Figure 2a,b). Even so, when the duration of the contact
at the open circuit was largely extended to 3 days, a removal
efficiency of 26% (corresponding to 18.4 mg Hg g−1 P3HT)
was observed. In addition, a ultraviolet−visible spectrum of
liquid-phase P3HT/chloroform solution exhibited a red-shift
with a color change (from light brown to light purple) with the

Figure 1. Schematic representation of the reversible capture and
release of mercury. First, Hg(II) is captured (electrodeposited) on the
P3HT-CNT/Ti electrode; during the subsequent step, Hg(0) is
released (stripped) by applying an oxidizing potential.
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addition of Hg(II) (Figure S2), implying the possibility of a
soft−soft interaction between Hg(II) and sulfur, as also
reported in previous studies.47,48 It is hypothesized that the
Hg(II) ions bound to thiophene are expected to be
preferentially deposited in the metallic form on the polymer
matrix, providing favorable active sites for subsequent
deposition. A detailed mechanistic study is planned in the
future to elucidate and confirm the exact mechanisms for the
physical binding and subsequent electroplating of Hg(II) on
P3HT interfaces.
Selectivity of Separation Over Competing Species.

Selectivity over common interfering substances, such as heavy
metals and organic compounds, is an important factor for
practical applications. P3HT-CNT was first tested in a 20 mM
KNO3 matrix spiked with 1 mM of cadmium, cobalt,
chromium, copper, iron, manganese, lead, zinc, and mercury.
After a chronoamperometry at −0.25 V for 1 h, the final
concentration of mercury decreased to about 1.1% of its initial
concentration, showing that the efficiency for mercury removal
was not affected by the presence of other metals (Figure S4).
While the concentrations of most metals did not decrease
significantly, copper decreased by 98.4% due to its relatively
positive reduction potential that leads to co-deposition with
mercury.49 The remarkable selectivity in capturing mercury
was enabled by setting the applied potential to 0 V versus Ag/
AgCl, a potential level where only mercury electrodeposition is
thermodynamically feasible while the other metals, including

copper, cannot be electroplated. As shown in Figure 2c, only
mercury exhibited a significant decrease in concentration
featuring a removal efficiency greater than 96%. This result
confirmed that the positive-reduction potential of mercury
enables selective remediation by controlling applied potential
in the electrodeposition process. Furthermore, the removal of
mercury was not affected by the presence of humic acid, a
common organic competing species (Figure S5). To explore
the removal efficiency of Hg in a real wastewater matrix at
environmental concentrations, we investigated the perform-
ance of P3HT-CNT/Ti using 20 mM KNO3 and real
secondary effluent wastewater (collected from Urbana-
Champaign Sanitary District), spiked with 78−79 μg L−1

Hg(II). Over 97.5% removal efficiency was achieved after a 5
h deposition at −1.0 V for both water matrices (Figure 2d),
satisfying the 2 μg L−1 EPA standard. These results
demonstrate that the electrical modulation of P3HT-function-
alized electrodes enables efficient Hg remediation for real-
world, practical applications.

Reversible Nature of Hg Deposition and Release on
P3HT-CNT/Ti. Here, the benefit of implementing P3HT-
CNT/Ti as an electrode material was investigated by first
charging the P3HT-CNT/Ti electrode in 200 mg L−1 (1 mM)
Hg(II) + 20 mM KNO3 at −1.0 V during electrodeposition for
0.5 h and then by applying +1.5 V for 0.5 h for releasing
(stripping) deposited mercury into a 20 mM KNO3 electrolyte.
As depicted in Figure 2e, P3HT-CNT/Ti exhibited the highest

Figure 2. (a) Effect of applied potential and Hg(II) concentration on removal performance using a P3HT-CNT/Ti electrode (duration: 1 h). (b)
Electrodeposition kinetics (initial Hg(II) concentration: 1 mM). (c) Element selectivity during electroplating using a P3HT-CNT/Ti electrode at 0
V vs Ag/AgCl for 1 h, in the presence of multiple competing metals, each at a starting concentration of 1 mM. (d) Removal of Hg(II) in 20 mM
KNO3 and municipal secondary wastewater effluent solution (from Urbana-Champaign Sanitary District). −1.0 V vs Ag/AgCl was applied for 5 h.
(e) Regeneration efficiency for different electrode coatings. Electrodeposition for 0.5 h in 1 mM Hg(II) + 20 mM KNO3 at −1.0 V, followed by
+1.5 V for 0.5 h for releasing (stripping) deposited mercury into the 20 mM KNO3 electrolyte. (f) Release kinetics at +2.0 V vs Ag/AgCl for P3HT-
CNT/Ti.
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regeneration efficiency (defined as the ratio of mercury
recovered to deposited), at 86.3% of regeneration without
the use of acid or any other chemical additive. Release kinetics
revealed that regeneration was completed within 10 min upon
charging with positive potential (Figure 2f), demonstrating the
rapid kinetics of stripping. The release rate is orders-of-
magnitude superior to release from amalgamated platinum and
also from PANI (see the Supporting Information for
calculation details).31,32 On the other hand, nonfunctionalized
CNT/Ti or Ti showed poorer regeneration (Figure 2e),
implying irreversible and/or the slow nature of anodic
stripping. Hg stripping in strong acid (1.1 M HNO3) showed
the same trend in the regeneration efficiency (Figure S3). This
result confirmed that the judicious selection of materials
enabled not only efficient removal via electrodeposition but
also electrochemically controlled release for cyclability.
The reversible nature of deposition and release of mercury

on P3HT-CNT/Ti can also be confirmed through scanning
electron microscopy (SEM) and energy-dispersive spectrosco-
py (EDS) analyses. First, as shown in Figure 3a, pristine

P3HT-CNT/Ti electrodes feature a homogenous and nano-
porous morphology. The high-resolution SEM image after
electrodeposition (Figure 3b) shows the presence of metallic
mercury deposited on P3HT-CNT/Ti coating upon the
application of a reducing potential, and EDS mapping
confirmed that indeed the agglomerate formed on the
P3HT-CNT/Ti surface consists of Hg. SEM imaging of bare
titanium electrodes after electrodeposition also displayed
metallic Hg with similar features to P3HT-CNT/Ti electrodes
(Figure S12a,b). Here, it must be emphasized that drying the
mercury-coated electrode in air drastically changes the
morphology and size of deposited Hg, i.e., small Hg particles
coalesce into bigger droplets very rapidly after that the
surrounding water layer is dried. This change in Hg surface
distribution upon drying has also been reported by Wu et al.
for glassy carbon electrodes substrates with Hg(II) in the 20−

200 mg L−1 range.50 As expected, SEM-EDS analysis (Figure
3b) showed the formation of large, spherical mercury droplets,
thereby underscoring the challenge of precisely analyzing
surfaces containing electrodeposited mercury with ex situ type
methods. As will be discussed later, in situ optical microscopy
offers a direct observation tool for the surface phenomena
occurring on P3HT-CNT/Ti electrodes during deposition and
stripping. After applying a positive potential for stripping, the
regeneration of P3HT-CNT/Ti electrodes was evident
through SEM-EDS analysis (Figure 3c), contrary to Ti,
which showed incomplete regeneration (Figure S12c,d),
further proving the reversible nature of P3HT-CNT/Ti
electrodes for electrochemically controlled capture and release
of mercury.
Cyclic voltammetry (CV) characterization was carried out to

further investigate the reversibility of P3HT-CNT/Ti for the
capture and release of mercury compared to Ti as a control.
First, we observed that the background current for the Ti
substrate in the −1.0 to +1.5 V potential range was low (|i| <
0.05 mA cm−2) without the addition of Hg(II) in 20 mM
KNO3 (Figure S6a), and no cathodic reaction, including
hydrogen evolution, occurred in the cathodic scan up to −1.0
V. On the other hand, the presence of 200 mg L−1 (1 mM)
Hg(II) brought about a cathodic current from <+0.20 V, which
is attributed to the electrodeposition of Hg(II) from solution
(Figure S6a). Electrochemical deposition of metal ions on a
foreign surface requires higher overpotential compared to
deposition on the same metal because of the crystallographic
substrate−metal misfit.51 Therefore, deposition of Hg on
foreign surfaces (e.g., Ti in this study) necessitated a more
negative potential for the onset of electrodeposition (Enucleation)
compared to the redox potential of Hg(II)/Hg(0) (Eeq). On
the other hand, in the anodic scan, the oxidation of Hg(0) to
Hg(II) started from a surface already coated with Hg, resulting
in an onset potential of stripping close to the equilibrium
potential of Hg(II)/Hg(0) (Eeq). The difference between
Enucleation and Eeq represents the nucleation overpotential
(ηnucleation = |Enucleation − Eeq|), and the current−potential
curves in the cyclic voltammetry exhibit a crossover between
the cathodic and anodic scans, which is indicative of the
formation of Hg nuclei on the electrode.51 In Figure S6a,
during the cathodic scan, no significant increase in current
occurred up to ca. +0.2 V; this potential threshold can be
interpreted as the onset for nucleation, Enucleation. On the anodic
scan, deposition proceeded on the existing Hg surface until Eeq
was reached (0.46 V, the x-intercept in the CV plot). After
passing Eeq, a peak corresponding to the oxidation of deposited
Hg can be seen, which is associated with stripping. However,
depending on the negative potential limit of CV, sometimes,
no stripping peak was observed (Figure S6b), indicating the
irreversible nature of mercury electrodeposition/stripping on
Ti. The irreversibility of Ti electrodes was probably associated
with the native oxide layer on the surface of the substrate: this
semiconducting layer was responsible for high resistance
against anodic stripping, which is larger than the resistance
against cathodic deposition, as reported previously.52

In the case of P3HT-CNT/Ti (Figure 4a), the background
current in the absence of Hg(II) exhibited the characteristic
oxidation behavior of P3HT to P3HT+, with an onset potential
of 0.62 V, coupled with anion doping (Figure 4b). In the
presence of Hg(II) ions, P3HT-CNT/Ti displayed a cathodic
current with the onset at a potential of +0.30 V for mercury
electrodeposition (Figure 4a), which is indicative of lower

Figure 3. SEM-EDS images of P3HT-CNT/Ti electrodes: (a)
pristine, (b) after Hg electrodeposition, and (c) after Hg stripping. In
SEM images, scale bar is 200 nm (a) and 50 μm (b, c). EDS mapping
confirms that the nuclei consist of Hg. In EDS images, the scale bar is
1 μm (a) and 2 μm (b, c).
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nucleation overpotential (ηnucleation) compared to Ti electrodes
(Figure S6c). Given that the nucleation of Hg(II) preferen-
tially starts on step edges and on surface defects and that the
P3HT-CNT/Ti surface is more defect-rich,53,54 we hypothe-
sized that the P3HT-CNT surface might facilitate Hg
nucleation as compared to bare Ti, exhibiting a lower
overpotential for the onset of the cathodic current. The
current at −1.0 V was smaller with the P3HT-CNT/Ti
electrode as compared to Ti (Figure S6b) due to lower
electrical conductivity of the P3HT-CNT/Ti composite
compared to Ti metals.35,55 This was in agreement with
mercury removal performance at −1.0 V with Ti and P3HT-
CNT/Ti; the removal efficiency at −1.0 V was higher with Ti
compared to P3HT (Figure S1). Nevertheless, although
capturing a smaller amount of metallic mercury on its surface,
P3HT-CNT/Ti showed a significantly larger anodic peak
(Figures S6b and S7), which could be interpreted as the
reversible, facilitated oxidation of the electroplated mercury.
All these electrochemical characterizations are in agreement
with the regeneration efficiency (Figure 2e) and SEM-EDS
analysis (Figure 3) and demonstrate that P3HT-CNT/Ti
enables reversible oxidation of metallic mercury, as compared
to bare Ti, which is only able to plate mercury but not to
release it effectively.
We attribute the high regeneration efficiency to the coupled

effect of the increased P3HT conductivity upon oxidation and
the associated electrocatalytic properties of the polymer. P3HT
is nonconducting in the neutral state but becomes conductive
when oxidized because of the delocalization of electrons along
the polymer backbone (Figure 4b),36 thereby facilitating
electron transfer and the phase transition.52 XPS analysis
confirmed that for higher applied potentials, i.e., during
stripping, the percentage of oxidized P3HT increased; this
behavior was observed both in non-acid and acid electrolytes
(Figure S9). Furthermore, our CV analysis revealed that the
onset potential of P3HT oxidation is 0.62 V (Figure 4a),
implying that oxidized P3HT (P3HT+) is electrophilic and a
strong electron acceptor, while for metallic Hg, whose
oxidation onset potential is 0.44 V on P3HT-CNT/Ti surface,

it was relatively easier to donate electrons to P3HT+. Hence,
thermodynamically favorable, mediated electron transfer from
Hg(0) to P3HT+, followed by the regeneration of P3HT+ via
direct anodic reaction, is thought to facilitate the stripping
process of Hg(0) in the P3HT-CNT/Ti system (Figure 4b).
In fact, a 12-fold increase in initial stripping kinetics was
recorded, with kobs (observed rate constant) being 2.08 × 10−2

s−1 for P3HT-CNT/Ti, compared to 1.70 × 10−3 s−1 for Ti
(Figure 4c). In this process, CNT is thought to facilitate the
redox-mediated charge transfer by providing a large active
surface area with high conductivity, as reflected by the greatly
improved regeneration efficiency achieved with the incorpo-
ration of CNT (Figure S3b). Even more, the coulombic
efficiency of stripping with P3HT-CNT/Ti was 37.4%, 4 times
higher than that of Ti (9.6%, Figure S14); the remainder of the
electrons flowing is thought to be devoted to the redox
reactions of P3HT, which was not connected to Hg(0)
oxidation.
In addition, P3HT-CNT/Ti not only improved the

reversibility but also exhibited higher performance stability
upon oxidation and reduction over a number of cycles. As
shown in Figure 4d, peak current density for 10 cycles
(normalized by the peak current at the first cycle) showed a
stable, reversible mercury capture and release enabled by
P3HT (the complete CVs are reported in Figure S7).
Continuous charging−discharging of P3HT-CNT/Ti for 50
cycles did not diminish mercury removal performance,
indicating reversible, stable nature of the semiconducting
interfaces (Figure S8). On the other hand, not only did Ti have
very small electrochemical activity for the stripping of
deposited Hg but it also featured decreasing peak current
over 10 cycles (Figure 4d, the complete CVs are reported in
Figure S7). Significant irreversibility can be seen from a drop
of 40% of the anodic peak current. All these results further
reaffirm the key role of P3HT-coated interfaces in providing
high electrocatalytic activity, reversibility, and stability.

In situ Optical Microscopy. We employed in situ optical
microscopy (in situ OM) to precisely observe mercury
electrodeposition/stripping at our polymer films, allowing the

Figure 4. (a) Cyclic voltammetry of P3HT-CNT/Ti electrodes in the 20 mM KNO3 electrolyte in the absence (blue) and presence of 1 mM
Hg(II) (red) with a 50 mV s−1 scan rate. (b) The oxidative doping of P3HT upon positive charging and a schematic representation of Hg stripping
mediated by the redox reaction of P3HT+/P3HT. (c) Hg stripping kinetics at 2.0 V vs Ag/AgCl. Before stripping, Hg was electrodeposited at −1.0
V in 20 mM KNO3 + 1 mM Hg(II) for 10 min. (d) Normalized peak anodic current over 10 cycles. Complete CV is shown in Figure S7.
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direct tracking of changes in interface morphology in real-time
during electrochemical treatment, as demonstrated for other
systems.56,57 Applying a cell voltage of −2 V (two-electrodes
electrochemical cell) revealed the formation of a uniform film
on P3HT-CNT/Ti-coated electrodes, as displayed in Figure
5a,c, which was attributed to the deposition of mercury.
Contrary to indirect ex situ techniques (e.g., SEM in Figure 3),
in situ OM did not interfere with the deposition morphology of
Hg, thus allowing for the observation of the surface
mechanisms during the cycle of deposition and stripping. In
particular, we observed that the deposited Hg film was released
rapidly (<10 min) in the same Hg-containing solution by
reversing polarity and applying 2 V so that the regenerated
P3HT-CNT/Ti surface was promptly recovered (Figure 5a,c);

this is in agreement with the fast stripping kinetics of P3HT-
CNT/Ti (Figures 2f and 4c), which is attributed to the
enhanced electrochemical activity by redox-mediated oxidation
of Hg(0).In situ OM not only allows to track morphological
changes in real time but also enables us to couple the observed
surface transformations with the electrochemical response of
the material, by simultaneously comparing the current−time
features with the OM imaging. For instance, a current peak in
the chronoamperometry curve was observed, which can be
associated to the rapid surface regeneration highlighted by in
situ OM during the same time interval of the peak duration
(Figure 5a−d). Hence, this coupled imaging/electrochemical
characterization clearly showed the rapid Hg capture/release
process, triggered by potential control. By focusing on the edge

Figure 5. In situ optical microscopy of Hg electrodeposition and stripping on P3HT-CNT/Ti electrodes, in two-electrode configuration. (a, b) Low
magnification overview with the corresponding current−time behavior during electrodeposition/stripping. (c, d) Detail of the electrode edge and
corresponding current−time behavior. A clear oxidation peak can be observed during stripping, associated with the release of Hg from the interface
during the same time span. Electrodeposition at −2.0 V, followed by stripping at +2.0 V.

Figure 6. (a) Coulombic efficiency and (b) specific energy as a function of the working electrode (WE) potential during Hg(II) electrodeposition
on P3HT-CNT/Ti. (c) Electrodeposition kinetics and total energy consumption during electroplating on P3HT-CNT/Ti. (d) Comparison of the
specific energy for electrodeposition/stripping: deposition at −1.0 V vs Ag/AgCl with 1 mM Hg(II) and stripping at +2.0 V in 20 mM KNO3.
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of the polymer, we confirmed that the film consists indeed of
small mercury particles, which were completely dissolved
during stripping and are shown in Figure 5c,d. This provides
direct evidence of the fast plating and stripping performance
when using P3HT-CNT/Ti by which reversible behavior is
achieved in a non-acid medium, thus removing the need for
additional chemical regenerants in a practical application.
In comparison, Ti electrodes displayed an incomplete

stripping of the electroplated Hg. During electrodeposition,
Hg particles formed on the electrode surface, and by carefully
tracking them during the subsequent stripping step using the
optical microscope, it was evident that only few of these Hg
particles disappeared (green arrows, Figure S10a). Addition-
ally, the current−time curve (Figure S10b) did not feature a
marked oxidation peak during stripping, contrary to P3HT-
CNT/Ti (Figure 5b,d). Furthermore, SEM results confirmed
that the release of Hg with Ti electrodes occurred to a much
lesser extent as compared to P3HT-CNT/Ti (Figure S12c,d).
All these characterizations converge to the conclusion that Ti
electrodes perform poorly during Hg release. Notably, in situ
OM results provided insights into how Hg distribution and
deposition morphology changes as the electrode is dried;
Figure S11 shows that drying the P3HT-CNT/Ti electrode in
the air causes the coalescence of the deposited Hg into
droplets of bigger sizes within a short time period (∼63 s). The
observed change in Hg distribution upon drying underscores
the need of in situ imaging techniques for a correct Hg
deposition morphology characterization.
Energy Consumption Analysis. Finally, we estimated the

energy consumption for the working electrode half-cell
reaction during electrodeposition and stripping, as reported
in Figure 6. The following equation was used

=
∫

SE
E i

m

(t) (t) dtt
0

Hg (1)

Eq 1 estimates the specific energy (SE in kJ g−1) during
electrodeposition (or stripping) by integrating the product of
the working electrode potential E(t) by the current i(t) over
the duration of the electrochemical deposition (or stripping)
and dividing it by the deposited (or stripped) Hg mass mHg;
the specific energy represents the energy consumed by the
working electrode half-cell during electrodeposition or
stripping. For electrodeposition, Hg(II) concentration and
applied potential affect both the coulombic efficiency (Figure
6a) and the specific energy (Figure 6b); higher overpotentials
(e.g., at −1 V) resulted in lower coulombic efficiency and more
energy consumption for electrodeposition. At higher Hg(II)
concentrations, coulombic efficiency was improved and specific
energy was lowered, as displayed in Figure S15 for P3HT-
CNT/Ti in the case of −1 V. In the case of a 3 h prolonged
electrodeposition on P3HT-CNT/Ti in 200 mg L−1 Hg(II) at
−1 V, we estimated the specific energy (as the ratio of the total
energy to the electroplated mass) as a function of time (Figure
6c). The specific energy of P3HT-coated electrodes slightly
increased over time (1.6−2.8 kJ g−1 range), indicating the
importance to control the duration in practice (Figure S13). Ti
is slightly more efficient for electrodeposition as compared to
P3HT-CNT/Ti (Figure 6d); this is in accordance with the less
conductive nature of neutral P3HT-CNT/Ti during deposi-
tion, as discussed previously (Figure S1). Nevertheless, P3HT-
CNT/Ti is much more efficient than Ti during stripping at 2 V
(Figure 6d), especially due to improved kinetics (Figure 4c)

and coulombic efficiency (Figure S14). As a result, P3HT-
CNT/Ti electrodes exhibit a 3-fold improvement in total
energy efficiency compared to Ti (Figure 6d, 7.33 kJ g−1 for
P3HT-CNT/Ti vs 21.92 kJ g−1 for Ti), further confirming that
judicious selection of materials enables the energy-efficient
removal of Hg. These results demonstrate that P3HT-CNT/Ti
not only allows reversible uptake and release of Hg but also
provides an energy-efficient option for electrochemical Hg
remediation.

■ CONCLUSIONS
In summary, we propose an efficient mercury remediation
technique based on the electrochemical reversible capture and
release of Hg(II) in aqueous solution, modulated by an
electroactive polymer. We explored the interfacial control of
electrodeposition and stripping through the redox semi-
conducting polymer P3HT, which facilitates the stripping of
deposited mercury. First, Hg(II) was removed via electro-
deposition on P3HT-CNT/Ti electrodes with potential
control, and the performance of P3HT-CNT/Ti was further
benchmarked using real wastewater samples spiked with ultra-
diluted Hg. During the regeneration of P3HT-CNT/Ti,
deposited Hg was stripped in a non-acid medium with high
regeneration efficiency and 12-fold faster release kinetics
enabled with P3HT-CNT/Ti compared to Ti, the unfunction-
alized Ti surface only allowing for deposition but not release.
Cyclic voltammetry analysis highlighted the nucleation
behavior of Hg and the enhanced electrochemical response
during the anodic scan, demonstrating the synergistic interplay
of the redox-mediated catalysis and enhanced conductivity of
P3HT+. We further monitored the reversible capture/release in
real time using in situ optical microscopy, confirming uniform
Hg deposition and rapid release. An analysis of energy
consumption for Hg(II) capture revealed that P3HT-CNT/
Ti electrodes enhance energy efficiency by 3-fold, compared to
bare titanium, with the majority of the energy savings coming
from the more efficient stripping process when using a
semiconducting polymer.
Our studies demonstrate an efficient system for the

electrochemically controlled capture and release of Hg, without
requiring chemical regenerants or causing secondary pollution,
which could be deployed for on-site remediation of mercury in
aqueous waste streams. Our proof-of-concept illustrates the
remarkable capabilities of semiconducting polymer interfaces
to enable reversible and energy-efficient Hg electrodeposition
and stripping, which expands the existing redox-material library
for electrochemical separations. We expect our studies to
provide general insights into electrodeposition and stripping at
rationally designed functional interfaces and pave a method for
semiconducting polymers to be used in water purification
applications.

■ EXPERIMENTAL SECTION
Preparation of P3HT-CNT/Ti Electrodes. Electrode preparation

was adapted from previously reported procedures.42 Solution A was
made by mixing P3HT (16 mg) (regioregular electronic grade, Rieke
Metals) with CNT (8 mg) (multiwalled carbon nanotubes, Sigma-
Aldrich) in chloroform (2 mL) followed by sonication (30 min) in icy
water. Solution B was prepared by mixing CNT (8 mg) in chloroform
(2 mL) followed by sonication (30 min) in icy water. Solution B was
then poured in solution A and further sonicated (30 min) in icy
water; this solution is referred to as P3HT-CNT. Titanium-grade 1
mesh (titanium screen, Fuel Cell Store) rectangles (1 cm × 2 cm, 53
μm thick) were cut and coated with P3HT-CNT via dip coating. The

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c15570
ACS Appl. Mater. Interfaces 2020, 12, 49713−49722

49719

http://pubs.acs.org/doi/suppl/10.1021/acsami.0c15570/suppl_file/am0c15570_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c15570/suppl_file/am0c15570_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c15570/suppl_file/am0c15570_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c15570/suppl_file/am0c15570_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c15570/suppl_file/am0c15570_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c15570/suppl_file/am0c15570_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c15570/suppl_file/am0c15570_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c15570/suppl_file/am0c15570_si_001.pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c15570?ref=pdf


dipped area was 2 cm2 (sum of the front and back side each having 1
cm × 1 cm surface area) and after each dip, the solvent was allowed to
evaporate. CNT/Ti electrodes were prepared in the same way, using
CNT dispersed in chloroform (4 mg mL−1) and by sonicating (60
min) in icy water. The polymer-coated electrodes were secured to a
copper wire using copper foil tape. Poly(vinyl)ferrocene (Poly-
science)-carbon nanotube composite on Ti mesh (PVF-CNT/Ti)
electrodes was prepared with the same steps as the P3HT-CNT/Ti
electrodes, except with PVF being the polymer instead of P3HT.
Hg Capture and Release Experiments. Hg(II) solutions with

concentrations of 1, 10, and 200 mg L−1 Hg(II) + 20 mM KNO3 were
prepared by mixing Hg(NO3)2 (puriss p.a., Sigma-Aldrich) and KNO3
(Sigma-Aldrich) in DI water; these concentrations correspond to
0.005, 0.050, and 1 mM Hg(II), respectively. The potentiostats used
were a VersaSTAT 4 potentiostat galvanostat (Princeton Applied
Research) and a SP-200 (BioLogic). A 3-electrode electrochemical
cell was used, with an Ag/AgCl (3 M NaCl) reference electrode (RE-
5B Ag/AgCl, BASi) and a platinum wire counter electrode (CE). All
electrodeposition and stripping experiments were done with a 20 mM
KNO3 background electrolyte, using 5 mL of solution in a 20 mL
glass vial, and a 2 cm2 electrode area, with magnetic stirring (300
rpm), unless otherwise stated. Electrodeposition kinetics was run with
15 mL of solution. Wastewater electrodeposition tests were carried
out with 1 mL of solution, and a 2 cm2 electrode area. When applying
voltages >+0.2 V, a custom-made confinement for the CE (consisting
of a pipette tip with a glass frit) minimized the plating of Hg on the
CE. ICP-OES (5110 ICP-OES, Agilent Technologies) allowed to
determine the Hg concentration in the solutions. The viewing mode
was axial, 10 replicates were run, and the wavelengths 184.887,
194.164, and 253.652 nm were measured, using 194.164 nm for the
removal and regeneration efficiency calculations. Rinse time was 90 s
with a 1.1 M HNO3 + 1 mg L−1 Au(III) rinse solution (prepared with
AuCl3), while all the dilutions were prepared with 1.1 M HNO3 + 5
mg L−1 Au(III). This setup, adapted from Zhu et al., allowed to
overcome the memory effect of Hg.58

Hg stripping Kinetics. For the stripping experiments, electro-
deposition was carried out at −1.0 V in 200 mg L−1 Hg(II) + 20 mM
KNO3 for 10 min (volume = 5 mL, electrode area = 2 cm2, initial Hg
mass present on the electrode = 311.7 μg). For the subsequent
release, + 2.0 V was applied for 10 min. The observed reaction rate
constant (kobs) was estimated from the slope of the Hg(0) oxidation
vs the time curve using the following equation

− = − ·F k tln(1 ) obs (2)

where F = Ct/Co, Ct is the amount of stripped Hg cation at time t, and
Co is the amount of deposited Hg.
Material Characterization. The surface morphologies and

elemental mapping images of the electrodes were obtained using a
scanning electron microscope (SEM; Hitachi S-4700 and JSM-7000F)
operated at an accelerating voltage in the 10−20 kV range, equipped
with energy-dispersive X-ray spectroscopy (EDS; iXRF) with the
accelerating voltage in the 15−20 kV range and 30° take-off angle.
EDS mapping of Hg reports the Mα emission energy of Hg. The
surface areas of P3HT and P3HT-CNT were measured with
Brunauer−Emmett−Teller analysis (BET, 3Flex Surface Character-
ization Analyzer, Micromeritics). The degree of oxidized P3HT was
estimated using X-ray photoelectron spectroscopy (XPS; Kratos Axis
ULTRA) with a monochromatic Al Kα X-ray source (210 W). The
XPS results were analyzed using CASA XPS software (UIUC license).
Binding energies were corrected to the alkyl C 1 s feature at 284.6 eV.
S2p spectra were fitted with 100% Gaussian peaks with a linear
baseline correction, following Ratcliff et al.59 Hg could not be
characterized using XPS due to equipment limitations for mercury at
high-vacuum condition.
In situ Optical Microscopy Observation. Direct observation of the

mercury deposition and stripping process was performed using a
confined liquid cell. The cell was made using a glass slide, silicon
elastomer films, and a cover glass (Figure S16). Ti and P3HT-CNT/
Ti electrodes were cut to a small strip (4.0 mm × 2.0 mm) and used
as the working electrode. An aluminum strip was used as the counter

electrode. These electrode strips were sandwiched between the two
elastomer films with a square window and placed on a glass slide. The
cell was filled with a solution of Hg(II) in DI water (190 mg L−1), and
the top was closed with a cover glass for the optical microscope
observation. The potentiostat used in these experiments was a
Metrohm Autolab PGSTAT101.
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Villagrań, D. Emerging Opportunities for Nanotechnology to Enhance
Water Security. Nat. Nanotechnol. 2018, 13, 634−641.
(9) Srimuk, P.; Su, X.; Yoon, J.; Aurbach, D.; Presser, V. Charge-
Transfer Materials for Electrochemical Water Desalination, Ion
Separation and the Recovery of Elements. Nat. Rev. Mater. 2020, 517.
(10) Bibby, A.; Mercier, L. Mercury(Ii) Ion Adsorption Behavior in
Thiol-Functionalized Mesoporous Silica Microspheres. Chem. Mater.
2002, 14, 1591−1597.
(11) Oh, Y.; Bag, S.; Malliakas, C. D.; Kanatzidis, M. G. Selective
Surfaces: High-Surface-Area Zinc Tin Sulfide Chalcogels. Chem.
Mater. 2011, 23, 2447−2456.
(12) Fedoseeva, Y. V.; Orekhov, A. S.; Chekhova, G. N.; Koroteev,
V. O.; Kanygin, M. A.; Senkovskiy, B. V.; Chuvilin, A.; Pontiroli, D.;
Ricco,̀ M.; Bulusheva, L. G.; Okotrub, A. V. Single-Walled Carbon
Nanotube Reactor for Redox Transformation of Mercury Dichloride.
ACS Nano 2017, 11, 8643−8649.
(13) Kabiri, S.; Tran, D. N. H.; Azari, S.; Losic, D. Graphene-Diatom
Silica Aerogels for Efficient Removal of Mercury Ions from Water.
ACS Appl. Mater. Interfaces 2015, 7, 11815−11823.
(14) Li, B.; Zhang, Y.; Ma, D.; Shi, Z.; Ma, S. Mercury Nano-Trap
for Effective and Efficient Removal of Mercury(Ii) from Aqueous
Solution. Nat. Commun. 2014, 5, 5537.
(15) Yee, K.-K.; Reimer, N.; Liu, J.; Cheng, S.-Y.; Yiu, S.-M.; Weber,
J.; Stock, N.; Xu, Z. Effective Mercury Sorption by Thiol-Laced
Metal-Organic Frameworks: In Strong Acid and the Vapor Phase. J.
Am. Chem. Soc. 2013, 135, 7795−7798.

(16) Fausey, C. L.; Zucker, I.; Lee, D. E.; Shaulsky, E.; Zimmerman,
J. B.; Elimelech, M. Tunable Molybdenum Disulfide-Enabled Fiber
Mats for High-Efficiency Removal of Mercury from Water. ACS Appl.
Mater. Interfaces 2020, 12, 18446−18456.
(17) Yap, P. L.; Kabiri, S.; Tran, D. N. H.; Losic, D. Multifunctional
Binding Chemistry on Modified Graphene Composite for Selective
and Highly Efficient Adsorption of Mercury. ACS Appl. Mater.
Interfaces 2019, 11, 6350−6362.
(18) Velempini, T.; Pillay, K. Sulphur Functionalized Materials for
Hg(Ii) Adsorption: A Review. J. Environ. Chem. Eng. 2019, 7, 103350.
(19) Ai, K.; Ruan, C.; Shen, M.; Lu, L. Mos2 Nanosheets with
Widened Interlayer Spacing for High-Efficiency Removal of Mercury
in Aquatic Systems. Adv. Funct. Mater. 2016, 26, 5542−5549.
(20) Liu, C.; Wu, T.; Hsu, P.-C.; Xie, J.; Zhao, J.; Liu, K.; Sun, J.; Xu,
J.; Tang, J.; Ye, Z.; Lin, D.; Cui, Y. Direct/Alternating Current
Electrochemical Method for Removing and Recovering Heavy Metal
from Water Using Graphene Oxide Electrode. ACS Nano 2019, 13,
6431−6437.
(21) Chen, R.; Sheehan, T.; Ng, J. L.; Brucks, M.; Su, X. Capacitive
Deionization and Electrosorption for Heavy Metal Removal. Environ.
Sci.: Water Res. Technol. 2020, 6, 258−282.
(22) Su, X.; Kulik, H. J.; Jamison, T. F.; Hatton, T. A. Anion-
Selective Redox Electrodes: Electrochemically Mediated Separation
with Heterogeneous Organometallic Interfaces. Adv. Funct. Mater.
2016, 26, 3394−3404.
(23) Su, X.; Kushima, A.; Halliday, C.; Zhou, J.; Li, J.; Hatton, T. A.
Electrochemically-Mediated Selective Capture of Heavy Metal
Chromium and Arsenic Oxyanions from Water. Nat. Commun.
2018, 9, 4701.
(24) Su, X.; Tan, K.-J.; Elbert, J.; Rüttiger, C.; Gallei, M.; Jamison, T.
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